dismutase had no effect on the present system. The participation of free radicals is suggested by the effect of the radical trap 2,5-di-t-butylquinol. Singlet-oxygen dimol emission seems to be mainly responsible for the observed light-emission; a mechanism that can account for the major part of the present experimental observations is proposed.
The ability of cytochrome c to induce lipid peroxidation as well as its involvement in hydroperoxide breakdown, probably through a unimolecular bond scission, to yield alkoxyl and hydroxyl radicals has been described (Tappel, 1955; Desai & Tappel, 1963) . Haematin and some haemoproteins, among them cytochrome c, were found to induce lipid peroxidation, the rate of which was further increased by hydroperoxides (Kashnitz & Hatefi, 1975) .
The participation of haemoproteins in lipid autoxidation and lipid hydroperoxide breakdown is accompanied by damage to the haemoproteins; the chemical mechanism of damage is not exactly known yet, though cross-linking of proteins either by lipid peroxyl radical addition or by a process not involving incorporation of lipid radicals has been proposed (Roubal & Tappel, 1966a,b) . O'Brien (1968a,b) described the effect of hydrogen peroxide on ferricytochrome c as affecting amino acid composition and producing a decrease in the absorption bands; these spectroscopic changes had been early reported by Banks et al. (1961) for the reaction of cytochrome c with methyl linoleate hydroperoxide. Peroxidized lipids damage cytochrome c, as indicated by its decreased solubility (Desai & Tappel, 1963) . Tomoda et al. (1978) showed the formation of haemichrome from haemoglobin subunits by hydrogen peroxide as a decrease in the absorption bands without the intermediate formation of methaemoglobin.
Hawco et al. (1977) showed that chemiluminescence accompanied the decomposition of linoleic acid hydroperoxide by haematin or methaemoglobin; singlet molecular oxygen was suggested as responsible for light-emission.
We have found that cytochrome c, as well as other haemoproteins, when supplemented with organic hydroperoxides, show low-level chemiluminescence; the results point out that free radicals deriving from the hydroperoxide decomposition and singlet molecular oxygen are involved in the process. (Margoliash, 1954) . fl-Carotene was dissolved in methanol and its concentration was measured by its absorption at 450nm (e = 13.8 litre. mmol-h I cm-1) (Auclair & Lecomte, 1978) .
Photon counting
Chemiluminescence emission was measured in a photon counter essentially as described by Boveris et al. (1978) in a 35mmx25mmx5mm (12.25cm2 surface) cuvette. An RCA 8850 photomultiplier responsive in the range 300-650nm with an applied potential of 1.8 kV was fed into a Princeton Applied Research (Princeton, NJ, U.S.A.) model 1121 amplifier-discriminator adjusted for single photons.
The output was connected to both a Heathkit IB-1100 frequency counter and a recorder. The photomultiplier was sealed and surrounded by solid C02, with a tube temperature of approx. -30°C.
Oxygen uptake 02 consumption was measured with a Clark-type oxygen electrode in a cylindrical glass chamber (2 ml final volume) with constant stirring.
Cytochrome c absorption spectra
Cytochrome c spectra were monitored in a Perkin-Elmer-Coleman model 124 spectrophotometer. The effect of t-butyl hydroperoxide on cytochrome c was also monitored by the decrease of the Soret band of ferricytochrome c (6408 = 109.5 litre.mmol'l cm-1); when cyanide was present in the assay mixture, readings were monitored at 412nm (E = 104 litre.mmol-hcm-') (Butt & Keilin, 1962) .
Incubation conditions
All the assays were carried out in 0.1 M-potassium phosphate buffer, pH 7.0, at 370C.
Results

Chemiluminescence of hydroperoxide-supplemented cytochrome c
Addition of hydroperoxide to ferricytochrome c in air-saturated buffer shows low-level chemilumines- cence (Fig. la) . Light-emission started immediately after addition of 5 mM-hydroperoxide and reached its maximal intensity in either 2-3 min (cumene hydroperoxide) or 12-13 min (t-butyl hydroperoxide and ethyl hydroperoxide); thereafter the signal was stable for about 5-8 min (with t-butyl hydroperoxide and ethyl hydroperoxide). The time necessary to obtain the maximal light-emission increased when lower concentrations of hydroperoxide were utilized; a lag phase was also present at low hydroperoxide concentration (0.1-0.5 mM). Fig. 1(b) shows the dependence of the lightemission of cytochrome c on hydroperoxide concentration. Maximal chemiluminescence was taken into account without considering the time needed for light-emission to achieve complexion. Cumene hydroperoxide and t-butyl hydroperoxide show a saturation behaviour, reaching half-maximal light-emission at a concentration of about 0.5-1.0 mm, whereas ethyl hydroperoxide-induced chemiluminescence was linearly related to the square of the ethyl hydroperoxide concentration. The mechanism of the reactions to which primary hydroperoxides are subjected was considered beyond the scope of the present paper. The study on hydroperoxide-induced chemiluminescence of cytochrome c was carried out thereafter with t-butyl hydroperoxide because of the advantage of its higher solubility over cumene hydroperoxide.
When t-butyl hydroperoxide concentration was kept high (5 mM), light-emission was a linear function of the concentration of cytochrome c (Fig.  2a) The addition of t-butyl hydroperoxide to cytochrome c solutions induced an°2 consumption that depended linearly on cytochrome c concentration (Fig. 3) . 02 uptake was observed at a rate of 1.0umol of 02/min per ,umol of cytochrome c. When chemiluminescence of cytochrome c and°2 uptake were assayed in parallel and the measurements taken every minute were plotted, it was found that total°2 consumed in the reaction was related linearly to chemiluminescence (Fig. 3 ).
The results shown in Fig Hydroperoxide-induced spectroscopic changes of ferricytochrome c Hydroperoxide-supplemented cytochrome c undergoes changes that can be easily monitored through the absorption spectra. The extent of these effects as well as light-emission depended on temperature, time of incubation and the [t-butyl hydroperoxideI/[ferricytochrome ci molar ratio.
The Soret absorption band of ferricytochrome c decreased about 64% after incubation with t-butyl hydroperoxide ([t-butyl hydroperoxidel/[ferricytochrome ci molar ratio 500) during 10min at 370C (Fig. 4a) , whereas the 530nm band was almost totally abolished, perhaps suggesting a new spectral species. The reducibility of t-butyl hydroperoxidetreated cytochrome c was restricted to the ferricytochrome c molecules that were not affected by the treatment with hydroperoxide (Fig. 4b) . assay mixture either at the beginning or at the midst of the reaction. Double-reciprocal plots showed that the cyanide inhibition of chemiluminescence was competitive with t-butyl hydroperoxide.
The inhibitory effect of cyanide on chemiluminescence of hydroperoxide-supplemented cytochrome c should somehow have a preventing effect on the decrease of the absorption bands of cytochrome c. At a concentration of 0.25 mM-cyanide, chemiluminescence was found to be almost completely inhibited (see Fig. 6 ), but the decrease of the absorption bands of cytochrome c was only partially prevented (30-40% inhibition) (Fig. 7) . The black circles in Fig. 7 shows that light-emission in the absence of cyanide progresses as absorption of cytochrome c decreases (the abscissa indicates remaining cytochrome c; see Fig. 5 Vol. 187
[NaCNI (mM) luminescence in these conditions was only 10% or less the value in the absence of the inhibitor.
Effect ofvarious agents on chemiluminescence Quenchers. /i-Carotene is known as a physical quencher of singlet molecular oxygen (the carotenoid pigments physically quench singlet oxygen without chemically altering the pigments themselves) (Foote & Denny, 1968) , and in the present system behaved like a potent inhibitor of lightemission (85% maximal inhibition) with a halfmaximal effect at a concentration of 0.19 mm (Fig.  8a) . When the ratio of light-emission in the absence of the quencher to light-emission in its presence (IO/I) was plotted against the quencher concentration, a straight line of slope kro (Stern-Volmer quenching constant) was obtained (Fig. 8b) carotene on the chemiluminescence of isolated microsomal fraction. We have found a k value of 3.7 x 109m S-1 for the quenching of t-butyl hydroperoxide-induced chemiluminescence of submitochondrial particles (Cadenas et al., 1980) .
On the other hand, 1,4-diazabicyclo[2.2.21-octane, which enhances singlet-oxygen dimol emission in aqueous media (Deneke & Krinsky, 1977) , increased twofold the initial value of chemiluminescence of the hydroperoxide-supplemented system under a wide range of cytochrome c concentration (Fig. 9) . The enhancement of light-emission by 1,4-diazabicyclol2.2.21-octane and other cyclic diamines was explained in terms of a charge-transfer mechanism of singlet-oxygen quenching by the diamines (Ouannes & Wilson, 1968) . Time (min) Fig. 10 . Effect of 2,5-di-t-butylquinol on chemiluminescence ofhydroperoxide-supplemented cytochrome c Cytochrome c (20UM) was incubated with 5 mM-t-butyl hydroperoxide in the presence and absence of 0.15 mM-2,5-di-t-butylquinol. Abbreviations used: C3+, ferricytochrome c; ButOOH, t-butyl hydroperoxide; DTBHQ, 2,5-di-t-butylquinol.
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Scavengers and traps. Table 1 lists the effect of some singlet-oxygen scavengers and traps on the hydroperoxide-induced chemiluminescence of ferricytochrome c. Dimethylfuran acts as a singletoxygen scavenger , and inhibited the intensity of light-emission of cytochrome c by about 80% with a half-maximal effect at a concentration of 3.6mM-dimethylfuran. The hydroxylradical scavenger, mannitol (Halliwell, 1978) , at a concentration of 0.1 M was found to be without effect on the chemiluminescence of cytochrome c supplemented with hydroperoxide. Superoxide dismutase, which scavenges superoxide anion (McCord & Fridovich, 1969; Fridovich, 1975) , had no effect on chemiluminescence of the present reaction when used at a concentration as high as 30,ug/ml.
Histidine and tryptophan have been described as singlet-oxygen traps partially accounting for the inhibitory effect of certain proteins on singlet-oxygen formation (Wilson et al., 1972; Matheson et al., 1975) ; both amino acids were used at a concentration as high as 20mm, giving a moderate inhibition of the light-emission of hydroperoxidesupplemented cytochrome c (50% inhibition under those conditions). 2,5-Di-t-butylquinol is a potent free-radical trap that produced a lag phase in the chemiluminescence of cytochrome c, without affecting the slope and the maximal, chemiluminescence yield. At a concentration of 0.15mM-2,5-di-t-butylquinol there was a lag phase of 7 min (Fig. 10) 
Reaction (1) is the cytochrome c-catalysed homolytic rupture of the oxygen-oxygen bond of the hydroperoxide molecule (Tappel, 1955; Desai & Tappel, 1963) . The catalytic action of cytochrome c seems to involve the binding of the hydroperoxide to the sixth ligand position of the iron (Tsou, 1952; George & Tsou, 1952 ). This view is experimentally supported by the competitive inhibition exerted by cyanide on the process (Fig. 6) . Reaction (1) seems to be applicable to primary (Fig. lb; Misra & Fridovich, 1973) , secondary (Tappel, 1955; Desai & Tappel, 1963; Banks et al., 1961) (Pryor, 1978) and yielding either t-butyl peroxyl or alkyl radicals respectively. Alkyl radicals attached to the cytochrome c molecule are more able to undergo peroxidation reactions with subsequent cross-linking of cytochrome c molecules (Roubal & Tappel, 1966a,b) than to generate light-emission (Fig. 7) . Peroxidized cytochrome c would account for the 10% of cyanide-insensitive chemiluminescence (Fig. 6) as well as the cyanide-insensitive cytochrome c peroxidation (Fig. 7) . Peroxidation of the cytochrome c molecule may not be regarded itself as the main source of light-emission. Ironbound hydroxyl radical could explain the lack of effect of the hydroxyl-radical trap, mannitol (Halliwell, 1978) , on light-emission. On the other hand, t-butyl alcohol, generated in reactions (6) and (7) (Pryor, 1978) . Reactions (8) and (9) are radical termination reactions that can be interpreted on the basis of a Russell's (1957) mechanism for the self-reaction of primary or secondary peroxy radicals and on the basis of the reaction proposed by Pryor (1978) respectively. The quadratic dependence of chemiluminescence on ethyl hydroperoxide concentration (Fig. lb) can also be taken as an experimental evidence for the occurrence of reaction (8) according to the proposition of Sugioka & Nakano (1976) for the hydroperoxide-induced chemiluminescence of a simplified microsomal system.
Experimentally support for reactions (10) and (11), i.e. that the observed photoemission is mainly due to the dimol emission of singlet oxygen (Khan & Kasha, 1963; Seliger, 1964; Kearns, 1971) , is given by the effects of fl-carotene and 1,4-diazabicyclo-[2.2.21-octane (Figs. 8 and 9 ). Dimol emission of singlet oxygen apparently occurs at a rate of about 1 x 106-2 x 106 photons/s under the present conditions, which could correspond to the formation of one [102-'021 pair per about 107 molecules of singlet oxygen generated and per about 1010 oxygen molecules utilized in the radical chain [reaction (5)]. The steady-state concentration of singlet oxygen would be about lOfM.
Participation of free-radical species on the chemiluminescence of hydroperoxide-supplemented cytochrome c seems supported by the inhibitory effect of the radical trap 2,5-di-t-butylquinol, which was also an effective inhibitor on the chemiluminescence of isolated microsomal fraction (Sugioka & Nakano, 1976) .
It is unlikely that superoxide anion is involved in the chemiluminescence of cytochrome c, as can be deduced by the lack of effect of superoxide dismutase. Moreover, the absence of superoxide anion generated discards the possibility of a HaberWeiss-type reaction with the hydroperoxide as is possible with hydrogen peroxide (McCord & Day, 1978; Halliwell, 1978) . The present system, in which no reductant such as NADH is included, unlike the one described by Misra & Fridovich (1973) , does not involve a superoxide dismutase-inhibitable reduction of cytochrome c, but there is a decrease in the absorption bands, which might be indicative of peroxidation of cytochrome c.
The fact that cytochrome c (cyt. c) showed chemiluminescence when supplemented with t-butyl hydroperoxide was also extensible to other haemoproteins such as myoglobin (Mb), methaemoglobin (MetHb) and horseradish peroxidase (HRP). When the intensity of light-emission of the haemoproteins was compared on haem basis, the following order was found: cyt. c<Mb = MetHb<HRP Hawco et al. (1977) could not observe chemiluminescence during the decomposition of t-butyl hydroperoxide catalysed by haematin or methaemoglobin; the reasons of this disagreement escape our understanding.
Chemiluminescence required the oxidized forms of cytochrome c, similarly to the necessity for haem compounds reported by Kashnitz & Hatefi (1975) on peroxidation reactions. Hydroperoxide-induced chemiluminescence of cytochrome c seems to account satisfactorily for the large increase of chemiluminescence of submitochondrial particles exerted by externally added cytochrome c (Cadenas et al., 1980) . The cellular generation of hydroperoxides, though at a low rate (Chance et al., 1979) , under physiological or pathological conditions, might account for generation of singlet oxygen. At this point, we are able to state that generation of singlet oxygen, as responsible for light-emission, is identified by the effect of l-carotene and 1,4-diazabicyclot2.2.21-octane on submitochondrial particles, cytochrome c-supplemented submitochondrial particles and cytochrome c (the present work and Cadenas et al., 1980) , and by,-carotene and spectral analysis on isolated microsomal fraction and simplified microsomal systems (Sugioka & Nakano, 1976; Nakano etal., 1975) .
